Welding rail steels using gas metal arc welding shows promise for repairing railhead defects. Finite element analysis was performed on the rail before and during the welding process. It was revealed that the sizes of the heat affected zone (HAZ) and fusion zone would be approximately 15 mm and 5 mm respectively. Hardness tests showed that the parent material is harder than both the HAZ and the welded region. The parent steel has ultimate strength, yield strength, and elongation to failure of 1114 MPa, 624 MPa, and 11.1% respectively. These values are higher than those of the welded rail steel. The average K I for the parent specimen was 70 MPa·m 0.5 , while for the welded steel it was 54 MPa·m 0.5 . The pearlitic steel displayed ductile fracture features immediately ahead of the crack tip but approaching the end of the fracture surface the failure mechanism became less ductile. The welded rail steel in contrast consists of ductile features throughout the entire fracture surface.
Introduction
Welding produces very high temperatures in the area of the weld and these temperatures decrease rapidly as the distance from the weld increases. This heating followed by cooling to ambient temperature produces stresses in the rail. When the temperature of the rail returns to ambient temperature these stresses remain and are referred to as residual stresses [Little and Kamtekar 1998 ]. To reduce the formation of residual stresses, the rail steel is usually heated before the welding process begins [Funderburk 1997 ]. This method of heating the rail is called preheating and creates a softer and tougher structure. Properly monitoring and sometimes adjusting the temperature of both the base metal and weld metal before, during, and after welding is more likely to yield a successful weld. Improper rates of heating and cooling may cause defects to be formed in the welded area or the base material [Funderburk 2000 ]. Examinations and audits of welding procedures on failed welds conducted by Mutton and Alvarez [2004] have shown that the most likely cause of defects is an insufficient preheat temperature. Preheating may be done by gas torches, ovens, or electrical devices depending on the size of the part being welded and the type of welding equipment being used [Funderburk 2000; WTIA 2006] . When preheating, the temperature of the base material must also be in the range of the preheat temperature within 75 mm of the welded area in all directions [Mutton and Alvarez 2004; Chandler 2008] . The temperature of the welded joint can be checked by using a thermocouple, a temperature indicating crayon, or a contact thermometer [Reis and Harness 2004] . Preheating is done for several reasons; it slows the cooling rate in the base material and weld metal, which produces a more ductile metallurgic structure. This slow cooling also Keywords: welded rail steels, heat affected zone, welding efficiency, fracture toughness. This work was sponsored by the Federal Railroad Administration. The authors would also like to acknowledge Mike Cannon, lab manager at Tuskegee University, for his assistance in the welding procedures. 264 ALDINTON ALLIE, HESHMAT A. AGLAN AND MAHMOOD FATEH allows hydrogen to diffuse from the weld metal, reducing the potential for forming imperfections. It also reduces shrinkage stresses that help in reducing imperfections that may be formed in the weld metal or base material [WTIA 2006; Chandler 2008] .
The interpass temperature is defined as the temperature of the base metal between the first and last welding pass at the time welding is to be performed [Funderburk 1999; Mutton and Alvarez 2004; Lincoln 2005] . The interpass temperature is usually considered as more important than the preheat temperature with regards to the mechanical and microstructural properties of the weldment [Lincoln 2005] . A high interpass temperature will reduce the weld metal strength but usually improves toughness due to a finer grain structure with grain size measured in microns. However, if the interpass temperature is excessive the toughness trend is reversed. Therefore, it is important to maintain the minimum interpass temperature to prevent weld defects while at the same time the maximum interpass temperature must be controlled to provide satisfactory mechanical properties [Lincoln 2005] . The proper preheat and interpass temperatures to be used are dependent on the chemical composition and the thickness of the base material [Funderburk 1999; Tojo 2003 ]. For low carbon steels with a carbon content of approximately 0.3% a preheat temperature of 25-150 • C is required. For medium carbon steels with carbon content of approximately 0.3%-0.45% a preheat temperature of 150-260 • C is required. And for high carbon steels with carbon content exceeding 0.45% a preheat temperature of 260-425 • C is required. To determine appropriate temperatures within the ranges of the different carbon content steels, use higher temperatures for higher carbon contents and for larger base materials [Funderburk 1999] .
The hardness of a metal is mainly dependent on the phases that are present, with increases in martensite giving an increased hardness [El-Banna et al. 2000] . When conducting hardness testing the distributions of hardness in the weld, heat affected zone (HAZ), and rail base metal should be shown [Saarna and Laansoo 2004] . A weld containing a wide HAZ or having a low hardness in the fusion zone is predisposed to batter, which may contribute to premature failure in the weld [Mutton and Alvarez 2004] . An increase in the cooling rate of a work piece will provide higher hardness values [El-Banna et al. 2000] . However, if the cooling rate is too fast it may cause the base material to crack. Hardness testing is the simplest method for approximating the quality of a rail weld, but on its own it does not give a true assessment of the rail weld. It is therefore complemented by other test results, including tensile, fatigue, and fracture tests, et cetera [Saarna and Laansoo 2004] .
Tensile tests are used to determine the weld metal quality in comparison to the parent rail. The ratio of the weld-to-parent ultimate tensile strength is known as the weld efficiency [Orange 1966 ]. The tensile strength of pearlitic steels has been proven to be dependent on the ferrite-cementite lamellae spacing, with a smaller spacing giving a higher strength [Aglan and Fateh 2006; 2007] . The thermal cycle associated with welding may cause the mechanical properties in the HAZ to be degraded by grain coarsening, precipitation, and by segregation of trace impurities [Kim et al. 2001] . When a sequence of several weld deposits, called a multirun, is used in welding the microstructure of the weld becomes much more complicated as the deposition of each successive layer of weld heat treats the underlying microstructure. This heat treating may apply a temperature high enough to cause the reformation of austenite, which during cooling transforms the part to a different microstructure [Sugden and Bhadeshia 1989; Bhadeshia 1997] .
The purpose of fracture toughness testing is to give a measure of the resistance of the material to fracture [Crear 2001 , Chapter 5, p. 5-4]. Once the critical crack length is detected in a rail, it is considered unsafe and must therefore be removed from the track. There are four methods that may be used to calculate the fracture toughness, including the Charpy v-notch test, the crack tip opening displacement, the plain strain fracture toughness test (K I c ), and the plain stress fracture toughness (K I ). The latter will be used to study the fracture resistance of the welded pearlitic rail steel. Due to the complexity of the welding process, the toughness of welds is dependent on a lot more variables than the toughness of the steel [Bhadeshia 1997 ]. The toughness of carbon steels has been shown to be dependent on the prior austenite grain size, with a decrease in the grain size increasing the fracture toughness [Gray et al. 1982; Lewandowski and Thompson 1986] . In most cases, an increase in the strength of a steel decreases its toughness. This occurs because as the strength increases, plastic deformation, which is the major energy absorption mechanism during fracture, becomes more difficult [Bhadeshia 1997 ]. The type of welding process that is used will also play a significant role in the toughness of the steel, because each welding process is different, and forms different microstructures in the process [Bhadeshia 1997 ]. The general expression that is used to calculate the value of K I c is shown in the following equation:
where σ is the residual strength for a notched specimen, a is the crack length, and f (a/W ) is a geometrical correctional factor, which is given by the following equation [Aglan and Fateh 2007] :
The ASTM E399, plain strain fracture toughness is generally used in determining K I C . This standard requires that the thickness, t, and crack length, a, both exceed 2.5 × (K 1c /σ ys ) 2 for the result to qualify as a plain strain fracture toughness, K 1c . K 1c is the calculated fracture toughness and σ ys is the yield strength of the unnotched sample. For thin specimens, plain stress may be dominant and K I can be designated as the plain stress fracture toughness.
Materials and experimental parameters
The materials used in the present work were pearlitic rail steels provided by the Transportation Technology Center, Inc. The composition of the material is shown in simulate the removal of materials from a railhead containing defects. A strip heater, 177.8 mm long and 38.1 mm wide, was placed on each side of the rail web in the center of the longitudinal direction. The strip heaters used had a maximum heat transfer of 250 W each. Finite element analysis (FEA) was performed to determine the temperature profile before and during welding and to determine the size of the HAZ. Before welding, the rail was preheated to 340 • C, to prevent cracking or inclusions in the weld. The groove was then filled using a Millermatic350, a gas metal arc welder. A heat input of 1397.6 KJ/m and a wire feed speed of 10.41 m/min were employed. The welding wire used was the Superarc LA-100 manufactured by Lincoln Electric with chemical properties shown in Table 1 . This wire was chosen because its mechanical properties were the closest match to that of the parent rail steel. After welding, the excess weldment was removed from the rail steel by grinding. The rail was then cut into two halves with the weld in the center of both sections. Specimens were then machined from the welded pearlitic rail head along the direction of the rail using electrical discharge machining. A Unigraphics drawing of the welded rail after grinding is shown in Figure 1 along with the typical slices that were prepared for testing.
The welded pearlitic rail steel contains the weld in the center of the specimen and is 25.4 mm long. Both parent and welded rail steel had dimension of 152 mm length, 19 mm width, and 2 mm thickness. Notched specimens were also prepared with a 60 • notch at one free edge in the center of the specimen. The notch depth was approximately 2.4 mm with a notch depth to width ratio (a/W ) of 0.125 for both the pearlitic and welded rail steels. Static tensile tests were performed on both notched and unnotched specimens under displacement control mode using an MTS servohydraulic machine with TestStar data acquisition software. The results from the unnotched specimen were used to obtain the stress-strain relationship and the results from the notched specimen were used to obtain the residual strength and fracture properties.
3. Results and discussion 3.1. Finite element analysis (FEA) of heated rail sections. FEA was used to study the heat transfer of the rail steel, with heat strips on opposite sides of the rail web, before and during the welding process. SolidWorks 2007 was utilized to perform the FEA. The temperature that was applied to the rail by the strip heaters in this study was 340 • C. This temperature was applied because the preheat temperature of high carbon steels should range from 260-425 • C, with the high carbon range being above 0.45% carbon [Lincoln 2005] . This implies that a thick material with carbon content of 1% should use a higher temperature from this range. The heat flux of the heaters was calculated as Q/A, where Q is the amount of heat transferred and A is the area of the heating surface. The heat flux of each electrical strip heater was calculated and found to be 36.93 KW/m 2 .
The boundary conditions that were used in the thermal analysis of the rail steel include: The web and base of the rail were considered adiabatic because fiber glass insulation was used to help prevent the loss of heat to the environment and the head of the rail was considered as undergoing convection since it was open to its surroundings. The ambient temperature used for this analysis was 26 • C and the convection was calculated using the equation
where h is the convective heat transfer coefficient, Nu is the Nusselt number, K is the thermal conductivity, and L is the average length of the railhead represented as a square. From this calculation, it was found that the convective heat transfer coefficient of the rail was 10.26 W/m 2 K.
Prewelding. All the boundary conditions mentioned above were used in the prewelding analysis of the rail. The FEA heat distribution diagram was obtained for these conditions. From the plot it was noted that there is an insignificant variation in the temperature distribution in the rail, since the highest temperature was 340 • C compared to the lowest, 310 • C. This is a difference of 30 • C. This demonstrates that the electrical strip heaters are very efficient in heating the groove to the desired temperature, even with the rail head exposed to the environment.
During welding. During welding, all the boundary conditions that were applied previously were applied again, along with one additional boundary condition. For this condition, it was assumed that the welding arc applied a heat of 4500 • C and this heat was applied to a small circular location at the bottom of the groove. The assumption of 4500 • C was based on an average value stated in the literature. The range given was between 3000 • C to 6000 • C for the temperature of the arc generated from a MIG welder [Dorzin 2003 ]. The plot of the heat distribution was obtained from the FEA. The distribution showed that the temperature at the arc was much higher than that of the heaters. It can be assumed from this observation that the temperature of the electrical strip heaters does not play a significant role in heating the groove during welding. However, the heat strips are still considered very important during welding because the process will be stopped at times to remove any inclusions that may be present in the weld, and the heaters will be needed to maintain the minimum interpass temperature during this period.
The temperature profile at the welding arc to the center of the rail web directly below the arc was studied to understand the temperature distribution of the arc on the rail; this distribution is shown in Figure 2a . The temperature is taken every 5 mm starting from the bottom of the groove. Studying this distribution in conjunction with the iron-carbon phase diagram shown in Figure 2b , taken from [Cornell and Bhadeshia 1999] , will give a good indication of the sizes of the HAZ and the fusion zone. The line labeled RA shows the carbon content of the rail being studied. Following this line to the first change in the microstructure of the material would indicate the minimum temperature of the HAZ. The diagram shows that this temperature is 723 • C. Figure 2a suggests that this temperature is reached approximately 15 mm from the center, so this length is indicative of the size of the HAZ. From the phase diagram it is seen that once the temperature reaches 1443 • C all of the metal becomes liquid, which shows where the fusion would start. This region is at approximately 5 mm, which shows that the rail should be properly fused with the weld metal.
3.2.
Hardness distribution of welded pearlitic rail steel. The hardness distribution from the center of the weld was recorded using a handheld hardness tester. The first two slices of the rail were removed to expose the middle layers for hardness testing. The hardness distribution of the rail steel from the weld's center is shown in Figure 3 , with the center of the weld being at 0 mm and the weld's width extending from −12.7 mm to 12.7 mm. The hardness of the rail is taken every 12.7 mm. There is a clear trend to the right and to the left of the center of the weld, which shows that the further from the weld the harder the material. The two furthest points to the left and to the right of the weld, the parent rail, are in the range 300-315 HB. The graph shows that 20.4 mm to 50.8 mm to the right and left of the weld's center the hardness is slightly lower than the actual hardness of the rail, being in the range 279-286 HB. This decrease in hardness is associated with the HAZ, with decreased hardness due to the heat treatment produced during welding. The weld's hardness is significantly lower than the parent rail with a range of 220-240 HB. This hardness is due to the filler material used for welding and the heat treatment associated with multirun welds. The hardness of the weld and HAZ may be increased by heat treating the rail using a specific type of hardening technique, either induction or flame hardening. If this is not done the weld and HAZ will be prone to batter, leading to premature failure of the weld in service.
3.3. Microstructure of welded rail. The microstructure of the parent rail, HAZ, fusion line, and weld were studied using optical microscopy. The locations where the optical micrographs were taken are shown in Figure 4 , together with sample micrographs at 100 times magnification. In the micrograph on the top left, taken in the parent rail, a typical pearlite microstructure is clearly seen. The pearlite microstructure consists of a fine lamellar aggregate of soft and ductile ferrite and very hard cementite. The micrograph on the top right shows that the microstructure of the HAZ has been altered by the welding process. This micrograph shows that the HAZ consists of a coarser pearlite structure than the parent rail.
The fusion zone of the weld shown in micrograph in Figure 4 , bottom left, consists of the weld to the right and the HAZ to the left of the image. The change in the microstructure from the HAZ to the weld can be clearly seen and shows that the grain size of the weld is much smaller than that of the HAZ. The micrograph on the bottom right part of the figure reveals that the metallurgy of the weld is very different from that of the parent material. The weld material consists of a lower acicular ferrite plate structure containing small amounts of cementite. The dark regions between the ferrite consist of mainly martensite. This mixture containing mostly ferrite and small amounts of cementite and martensite explains the hardness of the weld; ferrite is soft while martensite and cementite are hard.
3.4. Stress-strain relationships. A comparative study was conducted on both the welded and parent pearlitic rail to study the effects of welding on the mechanical properties of the rail. The stress-strain relationships of the pearlitic rail steels used were previously studied [Aglan and Gan 2001; Aglan et al. 2004; 2007] . Figure 5 , left, shows the average stress-strain curves for the welded and parent pearlitic rail steel. Both curves consist of linear elastic behavior followed by nonlinear plastic behavior until failure. However, the elastic modulus of the welded pearlitic rail steel is higher than that of the parent pearlitic rail steel, with that for the welded rail being 275 GPa and for the parent rail being 200 GPa [Aglan and Gan 2001] . The figure also shows that the nonlinear plastic portion of the welded rail's curve falls below that of the parent rail. This shows that the welded rail's tensile strength is not as high as the parent rail. The strain to failure of the welded rail shows a significant decrease which reveals that the welded rail is not as ductile as the parent rail. Table 2 lists the mechanical properties for both the welded and parent pearlitic rail steels. The ultimate strength declined by 47% from 1114 MPa for the parent rail to 760 MPa for the welded rail. The weld efficiency is the ratio of the weld-to-parent ultimate tensile strength, found to be 68%. The yield strength had a negligible decline of 5% from 624 MPa for the parent rail to 595 MPa for the welded rail. This negligible decline is very positive as the yield strength is used in design rather than the ultimate tensile Table 2 . Ultimate and yield strengths (in MPa) and failure strain of welded and parent pearlitic rail steel specimens.
strength. The strain to failure decreased from 11.1% for the parent rail to 3.9% for the welded rail, a two-fold decrease in ductility. The parent and welded rail steel materials with simulated defects were tested to determine their residual strengths. A notch was created using a triangular file with a crack length to sample width ratio of 0.125. The specimens were tested and the unnotched cross sectional area was used to calculate the stress. The average stress-strain relationship for both the parent and welded rail steel is shown in Figure 5 , right. This figure shows that the average residual strength of the welded rail is slightly higher than that of the parent rail. The strain to failure of the welded rail is also higher than that of the parent rail. The parent rail has a linear elastic behavior followed by a very short nonlinear plastic behavior until failure, while the welded rail has a linear elastic behavior followed by a longer nonlinear plastic behavior until failure.
The mechanical properties of the notched parent and welded pearlitic rail steel specimens are shown in Table 3. This table shows Table 3 . Mechanical properties of notched welded and parent pearlitic rail steel specimens (K 1 in units of MPa·m 0.5 and residual strength in units of MPa).
to 598 MPa for the welded rail. There is a considerable increase of 26% in the ductility of the welded rail over the parent rail, with the strains to failure being 1.26% and 0.93% respectively. The notch sensitivity is defined as (S ut − S r )/S ut where S r is the residual strength and S ut is the ultimate tensile strength of the unnotched specimen. The notch sensitivity decreased from 0.49 for the parent rail to 0.21 for the welded rail. This shows that the parent rail is a lot more sensitive to the introduction of a notch than the welded rail. The notched parent rail steel has an average residual strength of 566 MPa which is a 51% decrease in the ultimate tensile strength of the unnotched specimen. The average residual strength of the welded rail steel is 598 MPa which is a 27% decrease in the ultimate tensile strength of the unnotched welded rail steel. The average strain to failure, which is a measure of the ductility of the material, decreased from 11.1% for the unnotched parent specimens to 0.93% for the notched parent specimen which is almost a 12 fold decrease in ductility. This is compared to the average strain to failure of the notched welded rail steel, which was 1.26%, a mere 3 fold decrease from 3.9% for the unnotched welded rail steel. As a result of the introduction of a notch equal to 0.125 of the specimen width, the parent material lost almost half of its strength compared to the welded material, which only lost approximately a quarter of its strength. The introduction of the notch also caused the parent material to lose practically all its ductility, showing high notch sensitivity. The welded material, however, only lost a small fraction of its ductility when compared to the parent material, showing low notch sensitivity.
The test results show that the samples failed in the center of the weld. This happened in all tests. This failure reveals that the fusion between the parent rail and the weld material was very good and that there was perfect fusion, else failure would have occurred at the fusion line. The failure in the center of welded area also confirms that the weld is not as strong as the parent rail. The welded specimen also shows a significant amount of necking which demonstrates that the weld material is ductile. This shows that even if there is a defect or crack in the rail steel during service there might not be a catastrophic failure due to the high ductility of the weld.
3.5. Plain stress fracture toughness evaluation. Equations (1) and (2) were used to calculate the fracture toughnesses of the parent and welded rail steel. To qualify as a plain strain fracture toughness, as stated before, the thickness, t, and crack length, a, must both be greater than 2.5 × (K 1c /σ ys ) 2 . Using σ ys = 595 MPa and K 1c = 54 MPa √ m, gives 2.5 × (54/595) 2 = 20.6 mm. This value is much larger than both the thickness and the crack length. Therefore, this is not considered a valid K I C and is referred to as the plain stress fracture toughness K 1 .
The plain stress fracture toughness of the parent material is 70MPa √ m compared to 54MPa √ m for the welded material. This is a 30% decrease in the fracture toughness for the parent compared with that for the welded rail material. However, the residual strength, strain to failure, and notch sensitivity of the welded rail are all better than those of the parent rail.
3.6. Fractography. A schematic representation of the fracture surface is shown in Figure 6 , top. The notch is on the left side of the figure, which means the crack propagation direction is from left to right. Points A and B represent the locations at which SEM micrographs were taken. Immediately ahead of the crack tip, at point A, is referred to as the crack initiation region, while close to the end of the fracture surface, at point B, and is referred to as the fast crack propagation region. The fracture surface morphology of the parent and welded rail steel, respectively are shown in the top and bottom micrographs Figure 6 . SEM micrograph at 1000 times of the parent rail (top row) and welded rail (bottom row) at the beginning of the notch (left column, region A in the diagram) and toward the end of the fracture surface (right column, region B in the diagram).
in Figure 6 : the micrographs on the left were taken at point A, and those on the right at point B. All these micrographs were taken at 1000 times magnification.
The fracture surface morphology of the parent pearlitic rail steel specimen taken immediately ahead of the crack tip can be seen in the top left micrograph. The image displays cleavage facets and river patterns. The entire fracture surface contains well-drawn ferrite strips. Pulled up lamellae and tearing ridgelines inside the grains can also be seen [Khourshid et al. 2001] . The fracture surface of the parent rail taken from location B is shown in the top right micrograph. The fracture surface displays a mixed type of fracture mechanism with the ductile mechanism dominant. The ductile behavior is evident in the micrograph from ductile tearing features such as pulled up ferrite strips and tearing ridges. Small amounts of cleavage facets and river patterns can also be seen, which are associated with brittle fracture. In some areas, there exist intergranular cracks along the grain boundaries as shown in the left hand section of the micrograph. It is observed that further from the fracture surface the failure mechanism becomes less ductile.
The fracture surface morphology of the welded rail steel taken from location A consists of a dimpled appearance and can be seen in the bottom left micrograph in Figure 6 . Dimpled rupture is created by microvoid coalescence, which is formed as a result of particle matrix decohesion or cracking of secondphase particles [Davis 1998 [Davis , pp. 1212 [Davis -1216 . This type of fracture morphology is associated with ductile fracture. The fracture morphology of the welded rail steel taken at location B is shown in the bottom right micrograph, which looks very similar to the one taken at location A. This similarity shows that the entire fracture surface of the welded rail steel consists of a dimpled appearance, and also explains its relatively high ductility.
Concluding remarks
• Finite element analysis revealed that the sizes of the heat affected zone (HAZ) and fusion zone of the pearlitic rail steel under consideration are approximately 15 mm and 5 mm respectively at a preheat temperature of 340 • C and an arc temperature of 4500 • C.
• The pearlitic rail, welded rail, and HAZ had hardness ranges of 300-315 HB, 200-240 HB, and 279-286 HB respectively.
• The parent rail steel has ultimate tensile strength, yield strength, and elongation of about 1114 MPa, 624 MPa, and 11.1% respectively while the welded rail steel has 760 MPa, 595 MPa, and 3.90% respectively.
• The average residual strength of the welded rail was slightly higher than that of the parent rail and the parent rail was more sensitive to the introduction of a notch.
• The average plain stress fracture toughnesses of the parent and welded rail steels were 70 MPa·m 0.5 and 54 MPa·m 0.5 respectively.
• The fracture surface morphologies of both the parent and welded rail steel display ductile failure mechanisms. However, the failure mechanisms seen in the welded rail steel are more ductile than those in the pearlitic rail steel.
